Introduction {#sec1}
============

The growing exposure of humans (and other living organisms) to an ever-growing spectrum of artificially produced nanoparticles (NPs) has sparked concerns about their toxicity,^[@ref1]^ which is often related to an NP's ability to enter cells and interfere with normal processes once inside. This is, to some extent, the flip side of numerous applications where one expressly wishes to guide certain NPs into cells or tissues, for instance, when these NPs carry drugs^[@ref2]^ or are used for medical imaging and diagnostics.^[@ref3],[@ref4]^ Understanding how NPs interact with lipid membranes, the boundaries of all living cells, is hence crucial both for beneficial applications and to mitigate or avoid potential deleterious side effects. While both in vivo^[@ref5]^ and in vitro^[@ref6]^ studies have been performed for a wide range of different NPs, the mechanisms of entry and subsequent intracellular trafficking are still not very well understood.^[@ref7],[@ref8]^

Most cells can actively take up NPs from outside via receptor-mediated endocytosis.^[@ref9],[@ref10]^ In this active process, a complex cellular machinery is triggered to actively engulf and internalize an object once certain ligands on its surface bind to specific receptors on a cell's plasma membrane. But many NPs do not have specific ligands, and uptake is prompted by relatively unspecific cues (such as particle size, charge, and surface chemistry) that remain a source of debate.^[@ref11]−[@ref13]^ However, cells can also passively ingest particles that adhere strong enough to overcome the elastic penalty for membrane bending. This type of adhesion-induced particle wrapping has been widely studied within continuum elastic treatments (using both analytical and numerical techniques), looking, for instance, at simple spherical particles^[@ref14]−[@ref16]^ or particles covered with discrete binding sites^[@ref17]−[@ref19]^ or more complicated geometric or elastic properties.^[@ref20]−[@ref23]^ The problem has also been treated in many coarse-grained simulation studies,^[@ref24]−[@ref31]^ which strive to elucidate aspects that are difficult to capture analytically, such as membrane fluctuations, particle cooperativity, and bilayer disruption.

A recurring theme in all this work is that a particle can end up in either one of three distinct states: unbound, partially wrapped, or fully enveloped, as schematically shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. This outcome is mostly determined by physical properties of the system (such as adhesion strength, particle geometry, membrane elasticity, spontaneous curvature, and tension). The ultimate fate of the fully wrapped state is less clear because actual internalization requires membrane fission. This topology-changing process is challenging to capture in the continuum theory, but it has been studied by treating the two individual membrane leaflets separately and working out the complex energetics of nonbilayer intermediates (such as stalks),^[@ref32],[@ref33]^ for which lipid tilt turned out to be essential.^[@ref34]^ Very recent experiments have shown that the energy barrier of spontaneous lipid bilayer fusion is on the order^[@ref35]^ of 30 *k*~B~*T*, too large to occur on its own, but well within the range of the characteristic energies that can be liberated by simple cellular fusion and fission machineries, which explains why in nature these processes are always catalyzed by specialized proteins.^[@ref9]^

![(a--d) Schematic representations of possible interaction scenarios. From left to right: no interaction between vesicles and NPs; decoration of vesicle with NPs; uptake and detachment of the endosome from the inner side of the membrane; and uptake but endosome stays attached to the inner side of the membrane.](jp9b10469_0006){#fig1}

Owing to its biomedical relevance, the impact of NPs on biomembranes is usually studied on live cells, but this makes it difficult to disentangle passive entry from active cell-orchestrated uptake. On the one hand, nanoparticles can enter red blood cells^[@ref36]^ and macrophages treated with cytochalasin D (a potent inhibitor of actin polymerization and hence endocytosis),^[@ref37]^ which illustrates the possibility of passive entry processes, since both systems lack an active endocytic machinery. On the other hand, it has also been shown that passive uptake is not inevitable: gold nanoparticles (with a diameter of up to 15 nm) did not spontaneously enter liposomes formed from biomimetic model membranes,^[@ref38]^ while larger hydrophilic silica particles (with a diameter between 30 and 200 nm) can fully enter DOPC model membrane vesicles.^[@ref39]^ In addition, the interplay between global constraints on vesicle volume and the extent of nanoparticle binding^[@ref40]^ or the cooperative interaction between multiple nanoparticles bound to the membrane^[@ref40],[@ref41]^ adds a significant level of complexity.

To further elucidate the mechanistic details of the entry process, especially the transition between full wrapping and complete internalization, we must better understand the local morphology a membrane takes when it envelops a particle, a challenging nanoscale imaging problem. However, considering that the essential physics is governed by generic aspects (particle geometry, membrane elasticity, and adhesion energy), a conceivable path forward is to study systems that exhibit the same behavior but at a larger scale: membranes that are self-assembled from amphiphilic block copolymers,^[@ref42]^ which tend to be thicker than ordinary lipid membranes. Since (at a fixed value of the Young modulus) the bending rigidity of such fluid elastic surfaces scales with the cube of their thickness,^[@ref43]^ while the characteristic nanoparticle size of adhesion and wrapping both increase with the square root of the rigidity,^[@ref15],[@ref16]^ we see that thicker membranes necessarily shift the entire wrapping scenario to larger scales, from both a geometric and an elastic point of view.

Similar to lipids, amphiphilic block copolymers self-organize in water into so-called polymersomes, whose main advantage over liposomes is long-term stability.^[@ref44]^ Their chemical, physical, and mechanical properties can be synthetically tuned to match the requirements of the desired membrane. Uptake of silica and polystyrene nanospheres into polymersomes formed from poly(dimethylsiloxane)-*block*-poly(2-methyl-oxazoline) (PDMS-*b*-PMOXA) has been demonstrated.^[@ref45],[@ref46]^ By choosing a suitable pair of block copolymer membranes and nanoparticles, many generic aspects of the wrapping problem can be studied in exquisite detail.

In contrast to previous work,^[@ref39],[@ref45]−[@ref47]^ we, here, use plasmonic metal gold nanoparticles (AuNPs) in this study to devise an exceptionally sensitive system for studying vesicle/nanoparticle interactions. Among metal particles, gold colloids are probably the most prominent examples, and they have been used in clinical therapy as early as 1920s. AuNPs can be synthesized in many different shapes, including spheres and rods, but also more advanced geometries.^[@ref48]−[@ref51]^ AuNPs exhibit a number of physical properties, which make them very suitable for medical applications, such as the absorbance of light in the visible and near-infrared regions,^[@ref52],[@ref53]^ the high optical scattering intensities,^[@ref54]^ the large sensitivity to refractive index changes for biosensing,^[@ref55]^ absorbance of X-rays,^[@ref56]^ and the ability to transform absorbed light into heat.^[@ref57],[@ref58]^ In addition, the surface of AuNPs can be modified easily due to thiol chemistry. Here, the latter and the plasmonic properties are exploited to gain detailed insights into the fate of differently modified spherical AuNPs upon vesicle interaction (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). We do not consider insertion of NP clusters into vesicle bilayers^[@ref59]^ and supported lipid bilayer formation^[@ref60]^ since the NP diameter was either too large or too small for these events. Moreover, we could not detect both NPs and vesicles separately, so we cannot report information about the fate of the endosome.

In this work, we employ surface resonance-enhanced dynamic light scattering (DLS), a powerful and highly sensitive technique for sensing interactions between plasmonic AuNPs and polymersomes, making it possible to distinguish multiple interaction scenarios from a single experiment at nanomolar concentrations. Additionally, information on the geometry of the nanoparticle/vesicle complex can be obtained from the same experiment by computer-assisted analysis of the scattering patterns. Vesicles and nanoparticles can be distinguished without dye labeling as it would be needed in fluorescence-based techniques. The findings from DLS are confirmed by cryo-TEM imaging and UV--vis measurements. The introduced system offers a basis for experimental proof of many theoretical studies.

Methods {#sec2}
=======

Synthesis of the Amphiphilic Block Copolymer and the Spherical Gold Nanoparticles {#sec2.1}
---------------------------------------------------------------------------------

Poly(dimethylsiloxane)-*block*-poly(2-methyl-oxazoline) (PDMS-*b*-PMOXA) was synthesized according to Egli et al. by sequential ring-opening polymerization.^[@ref61]^ The polymerization reaction was terminated by adding piperazine and hence resulting in a piperazyl-functionalized end group. The number-average degrees of polymerization were 65 for PDMS and 17 for PMOXA, amounting to a molecular weight of *M*~W~ ≈ 6600 g mol^--1^. Polymersomes were prepared using the film rehydration method^[@ref62]^ followed by extrusion through polycarbonate membranes with defined pore sizes, as described by Jaskiewicz et al.^[@ref46]^ A stock of gold spheres was synthesized according to the literature procedure.^[@ref63]^ SH-PEG-OCH~3~ (*M*~W~ = 5079 Da) and cetyltrimethylammonium bromide (CTAB) were bound to the particles by overnight incubation at room temperature as described by Hanauer et al.^[@ref64]^ Complete description and characterization of the AuNPs are given in the literature.^[@ref65]^

Dynamic Light Scattering (DLS) {#sec2.2}
------------------------------

The normalized light scattering intensity (*I*(*q*,*t*)) autocorrelation function *G*(*q*, *t*) ≡ ⟨*I*(*q*, *t*)*I*(*q*)⟩/\|*I*(*q*)\|^2^ was recorded over a broad time range (10^--7^--10^3^ s) at different scattering wave vectors *q* with an ALV/LSE-5004 goniometer/correlator setup using a HeNe laser with wavelength λ = 632 nm. The scattering vector *q* = *k*~s~ -- *k*~i~ with *k*~s~ and *k*~i~ being the wave vectors of the scattered and incident light, respectively, has a magnitude of *q* = (4π*n*/λ)sin(θ/2) (*n* and θ are the solution refractive index and the scattering angle, respectively). We have performed both polarized (VV) and depolarized (VH) photon correlation spectroscopy (PCS) experiments using a vertically (V) polarized incident laser beam and selected the scattered light polarized vertically (VV configuration) and horizontally (VH configuration) to the scattered plane (*k*~i~,*k*~f~). The measurements were carried out at temperature *T* = 20 °C. For spherical NPs, the translational diffusion coefficient *D*^t^ is directly obtained from the diffusive relaxation rate Γ~VV~ = *D*^t^*q*^2^ of the isotropic relaxation function. For this case, no scattering in VH can be observed. For anisotropic particles, rotational motion is unequal to the translational motion and can be observed in VH geometry. *D*^r^ is the rotational diffusion coefficient and Γ~VH~ = 6*D*^r^ + *D*^t^*q*^2^. The isotropic and anisotropic relaxation functions arewhere Γ~f~ = Γ~VH~ and Γ~s~ = *D*^t^*q*^2^ are the relaxation rates for the fast (f) and slow (s) processes, respectively. The VV scattering includes both isotropic and anisotropic contributions, and therefore, *C*~VV~ becomes bimodal, with fast and slow processes characterized by amplitudes *a*~f~ and *a*~s~ = (1 -- *a*~f~) and rates Γ~f~ and Γ~s~.

The dilution of vesicles displays a purely diffusive behavior with a relaxation rate Γ = *D*^t^*q*^2^ ([Figure S1b](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)), whereas the representation of the polarized scattering intensity *R*~VV~(*q*) ([Figure S1a](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)) by the form factor of a vesicle leads to the estimation of the molecular weight and the radius *R*. The Holtzer plot in the inset of [Figure S1a](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf) justifies that the whole vesicle is probed at low scattering *q* values. For the vesicle/Au-CTAB solution, the *R*~VV~(*q*) pattern is virtually represented by the sum of the mixture constituents, vesicle and Au-CTAB solutions, as shown in [Figure S2a](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf). Consistently, the dynamics ([Figure S2b](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)) are attributed to the noninteracting Au-CTAB NPs and vesicles.

Computational Scattering Profiles for Gold/Polymersome Systems {#sec2.3}
--------------------------------------------------------------

Vesicles and nanoparticles were assigned a scattering length density ρ, while the environment was set at ρ = 0, thereby effectively working with contrasts and greatly reducing the computational cost. We modeled vesicles as shells of radii *R*~ves~^inner^ and *R*~ves~^outer^, where the scattering length density of the inner sphere was set to the environment (i.e., ρ = 0), while nanoparticles were described as spheres of size *R*~NP~. We discretized vesicles and nanoparticles on a cubic grid of volume *L*^3^ = 600 nm^3^ with grid spacing *a* = 18 nm (i.e., a small enough length scale to probe details up to the maximum wave vector considered), assigning the scattering length density on each grid point depending on any object present. We optimized the radius of the vesicle to best reproduce the curvature of its experimental scattering profile, although its thickness was set to *R*~ves~^outer^ -- *R*~ves~^inner^ = 20 nm, while we enforced the radius of nanoparticles to *R*~NP~ = 20 nm. The scattering form factor was determined using the Debye formulawhere *z* is the number of particles, and *r~ij~* is the distance between particles *i* and *j*. We studied both decoration and uptake mechanisms of nanoparticles on the polymersome. For both scenarios, between 1 and 5 nanoparticles are considered close to the polymersome, distributed across the surface of the vesicle to minimize the interaction between nanoparticles. We have found that the relative orientation of several particles that are either decorated or taken up has a small impact on the overall scattering profile (data not shown).

Cryogenic Transmission Electron Microscopy (Cryo-TEM) {#sec2.4}
-----------------------------------------------------

A JEOL1400 transmission electron microscope operated at a 120 kV acceleration voltage was used for recording the cryo-TEM images of the specimens. For cryofixation^[@ref66]^ of the samples, 5 μL of the aqueous solution was dropped onto a Lacey or QUANTIFOIL grid (Lacey support films, NetMesh Grids, Cu-mesh 400; QUANTIFOIL R2/2, Cu-mesh 300). With a Vitrobot (Mark II, FEI), the excess amount of liquid was blotted off, and the sample was frozen in liquid ethane at *T* = −178 °C and transferred to the TEM instrument.

UV--Vis Spectroscopy {#sec2.5}
--------------------

All UV--vis measurements were recorded on a PerkinElmer Lambda 25 UV--vis spectrometer, using water as a reference.

Results {#sec3}
=======

System and Advantages {#sec3.1}
---------------------

The synthesis of the amphiphilic PDMS-*b*-PMOXA and the fabrication of low polydispersity spherical polymersomes are described elsewhere.^[@ref44]−[@ref46],[@ref67]^ The utilization of AuNPs has the advantage of localized surface plasmon resonance (LSPR) enhancement of depolarized light scattering even for spherical symmetry^[@ref65]^ that enables selective detection of particles and vesicles, concurrently at subnanomolar NP concentrations. The vesicles are detectable only in the polarized (VV) light scattering due to their almost spherical shape. The AuNPs are detectable in both VV and depolarized (VH) light scattering due to the inherent crystallinity of the Au core and the slightly anisotropic surface graft arrangements.^[@ref65]^ Therefore, information on both translational and rotational AuNP dynamics in the interacting system becomes directly accessible. Engineering the surface chemistry of the AuNPs either by cetyltrimethylammonium bromide (CTAB) or grafting poly(ethylene glycol) (PEG)) or coating (citrate) enables tuning of the interactions with the vesicles.

The characteristic dimensions (hydrodynamic radius, *R*~h~), the ζ potential of the polymersomes, and the different AuNPs are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. For the mesoscopic size of the vesicles, VV-DLS was employed at a 5.5 μM polymer concentration to record the form factor, yielding the shape, the radius ([Figure S1a](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)), and the relaxation functions, leading to the translational diffusion *D*^t^ ([Figure S1b](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)) and hence the hydrodynamic size, *R*~h~. The ultradilute solutions (0.2 nM) of the three AuNPs exhibit both VV- and VH-DLS, leading to the estimation of *R*~h~ = (*k*~B~*T*/(6πη~s~*D*^t^)) and rotational, *R*~r~ = \[*k*~B~*T*/(8πη~s~*D*^r^)\]^1/3^, radii from the experimental *D*^t^ and rotational *D*^r^ diffusion coefficients and the water viscosity η~s~. For all AuNPs, the VV and VH scattering intensity patterns are virtually *q*-independent due to their small size (*qR* ≪ 1). The large disparity *R*~r~ \> *R*~h~, which is not compatible with spherical symmetry, can be ascribed to an anisotropic graft distribution that renders the aspect ratio of an otherwise spherical AuNP shape larger than one.^[@ref65]^ The AuNPs display a single LSPR mode at λ~max~, which conforms to a spherical Au core with anisotropic graft distribution.^[@ref65]^ The induced nonspherical shape rationalizes the ligand-dependent intensity depolarization ratio, *R*~VH~/*R*~VV~, ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), whereas its relatively large value is partly due to the Au core crystallinity.

###### Characteristic Dimensions of the Vesicles and the Au Nanospheres with CTAB, Citrate, and Grafted PEG Ligands, their ζ Potential, and the Wavelength at the Absorption Peak of the Surface Plasmon Resonance

  sample        *c* (nM)   *R*~h~ (nm)[a](#t1fn1){ref-type="table-fn"}   *R*~VH~/*R*~VV~   *R*~r~ (nm)   ζ potential (mV)   λ~max~ (nm)
  ------------- ---------- --------------------------------------------- ----------------- ------------- ------------------ -------------
  vesicles      0.045      135 ± 3                                                                       +27.5 ± 1.1         
  Au-CTAB       0.2        23 ± 0.7                                      0.06              32.7 ± 0.3    +53.9 ± 8.1        524
  Au-PEG~107~   0.2        37 ± 1.4                                      0.02              40.0 ± 0.6    --2.1 ± 3.9        526
  Au-citrate    0.2        24 ± 0.5                                      0.08              34.8 ± 0.7    --29.2 ± 4.7       524

The negligible anisotropic scattering of the spherical vesicles precludes access to *R*~r~.

Realization of Interaction Patterns {#sec3.2}
-----------------------------------

To distinguish between the different interaction scenarios of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, we kept the same vesicle system and utilized the same Au core (*d* = 44 nm) but bearing different surface charges. The selected coatings allow charge tuning from positive to negative as indicated by the ζ potential in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Both vesicles and AuNPs were thoroughly characterized prior to their mixing at a AuNP/vesicle molar ratio of 5:1. For the vesicle/Au-CTAB solution, the VV light scattering intensity pattern, *R*~VV~(*q*), is represented by the sum of the *q*-dependent *R*~VV~(*q*,ves) of the vesicle and the *q*-independent *R*~VV~(Au-CTAB) individual solutions ([Figure S2a](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)). This result clearly indicates the absence of discernible interactions between the two positively charged species, which is more sensitively reflected in the depolarized *R*~VH~ intensity of the mixture. Due to the entirely isotropic scattering of the vesicles (*R*~VH~(ves) ≈ 0), *R*~VH~ of the mixture should arise from either free AuNPs and/or ves/AuNP complexes. For the vesicle/Au-CTAB, however, *R*~VH~ is due entirely to the *R*~VH~(Au-CTAB) ([Figure S2a](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)). It can therefore be concluded that the size, shape, and structure of the vesicles are robust in the vesicle/Au-CTAB system.

A strong confirmation of the noninteracting species stems from the relaxation functions *C*~VV~(*q*,*t*) and *C*~VH~(*q*,*t*) in the mixture and its constituent components in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,d. The relaxation functions *C*~VH~(*q*,*t*) for the mixture and Au-CTAB NP solution are identical ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d red and orange curves, see also [Figure S2b](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)), yielding the rotational diffusion *D*^r^ (and hence *R*~r~) of the AuNP; for the isotropic vesicle suspension, *C*~VH~(*q*,*t*) = 0 (blue baseline in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). The functions *C*~VV~(*q*,*t*) are less selective due to contributions of all species in the mixture, but their analysis at different wave vectors renders their resolution unique. For the mixture, *C*~VV~(*q*,*t*) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, red) is represented by the sum of the relaxation functions of the mixture components (orange and red lines in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Due to the decrease of the intensity ratio, *R*~VV~(*q*,ves)/*R*~VV~(Au-CTAB), with increasing *q* ([Figure S2a](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)), *C*~VV~(*q*,*t*) resembles more either the vesicle (at low *q* values) or Au-CTAB relaxation functions. The coexistence and hence the lack of interactions between the vesicles and the Au-CTAB NPs are clearly demonstrated and are conceivable in view of the electrostatic repulsions of positively charged particles ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

![Relaxation functions for the diffusion and rotation dynamics in different vesicle/Au nanoparticle systems. Relaxation functions recorded for (a--c) VV and (d--f) VH polarization at a scattering wave vector *q* = 1.01 × 10^--2^ nm^--1^ for dilute aqueous solutions of PDMS-*b*-PMOXA vesicles with three different AuNPs. (a, d) Au-CTAB, (b, e) Au-PEG~107~, and (c, f) Au-citrate. The solid lines indicate the representation by a single stretched exponential (see text) of the experimental relaxation of the vesicle/AuNP mixture (red), and the solutions of the individual constituents, vesicles (blue) and AuNPs (orange). The vertical dashed lines in a--f indicate the values of characteristic relaxation times. (a, d) Au-CTAB, (b, e) Au-PEG~107~, and (c, f) Au-citrate exemplify three different vesicle/AuNP interactions indicated by the schemes in the six panels.](jp9b10469_0005){#fig2}

The same experiments were conducted for vesicles and Au-PEG NPs bearing an essentially neutral surface ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The relaxation functions *C*~VV~(*q*,*t*) and *C*~VH~(*q*,*t*) of the mixture now reveal different relations to the constituent components ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,e) caused by their interactions. The distinct anisotropic dynamic scattering from the mixture being much slower than for the Au-PEG NPs, as clearly indicated by very different rates Γ~VH~(*q*) (red and orange vertical dashed lines in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). The rotational radius *R*~r~ = 207 ± 13 nm obtained from the rotational diffusion, *D*^r^ = *Γ*~VH~(*q*)/6, is much larger than the radius (40 nm) of the Au-PEG NP ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Since the anisotropic VH scattering originates from the AuNPs, the absence of fast dynamics suggests predominantly bound AuNPs, and the large *R*~r~ implies assembly of vesicle/Au-PEG NP. A similar but less pronounced trend is observed in the case of *C*~VV~(*q*,*t*) that exhibits a slower translation diffusion rate in the mixture than in the vesicle suspension (blue and red dashed vertical lines in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Hence, the vesicle/Au-PEG NP construct with *R*~h~ = 190 nm is clearly larger than the vesicle radius, and moreover, the inequality *R*~r~ \> *R*~h~ suggests deviation from the spherical symmetry. This trend along with the larger size of the vesicle/Au-PEG NP (compared to the bare vesicle) renders a decoration scenario, as illustrated in the insets of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,e, conceivable. This is tested by the intensity *R*~VV~(*q*) and *R*~VH~(*q*) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) next.

![Scattering intensity patterns for interacting vesicle/Au nanoparticle systems. Absolute Rayleigh ratio for polarized *R*~VV~(*q*) (solid symbols) and depolarized *R*~VH~(*q*) (open symbols) light scattering from a dilute (*c* = 0.036 g L^--1^; *c*~M~ = 0.045 nM) aqueous suspension of PDMS-*b*-PMOXA vesicles (*R*~h~ = 135 ± 3 nm), (a) Au-PEG (*R* (TEM) = 22 ± 2 nm), and (b) Au-citrate as a function of the scattering wave vector, *q*. The solid lines indicate the theoretical representations (see text) of the experimental intensity patterns of the vesicle/AuNP mixture (red), and the solutions of the individual constituents, vesicles (blue) and AuNP (yellow). (a) Au-PEG~107~ and (b) Au-citrate exemplify two different vesicle/AuNP interactions indicated by the schemes in the insets of the two panels. Note that *R*~VH~(*q*) is higher in b due to larger depolarization ratio of Au-citrate NP ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).](jp9b10469_0004){#fig3}

For the vesicle/Au-PEG NP mixture, the intensity *R*~VV~(*q*) is higher than the sum of the corresponding form factors of the vesicles (blue) and Au-PEG NPs (orange), and *R*~VH~(*q*) exceeds that of the NPs exhibiting a discernible *q* dependence, as seen in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. Both findings indicate the formation of nonspherical vesicle/Au-PEG NP structure being larger than the spherical vesicles in conformity with the dynamics of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,e. In the decoration scenario, we have computed form factors of different vesicle/NP configurations ([Methods Section](#sec2){ref-type="other"}) and compared (red line) with the experimental *R*~VV~(*q*). The models were scaled to reproduce the experimental scattering intensity profiles for the vesicle and Au-PEG NPs alone. Discrepancy at a small length scale (near the minimum of the form factor of a sphere) for the vesicle (blue curves in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) is due to modeling of vesicles of a single size. The computed form factor for the illustrated vesicle + 2 Au-PEG NP assembly leads to excellent agreement with the experimental data (red solid lines in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Figure S3a](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)). The topology of the AuNPs on the vesicle surface impacts the optical anisotropy of the structure that sensitively determines *R*~VH~(*q*). A comparison of these curves between the AuNP and the vesicle/AuNP mixture hints at the supramolecular geometry of the assembly. While Au-citrate alone or mixed with vesicles exhibits very similar optical anisotropy curves, significant deviations are observed for Au-PEG NPs in the presence of vesicles ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). The depolarized scattering intensity profiles can be analyzed in terms of a simple theoretical model of a supramolecular assembly that only considers different polarizability contributions along each direction ([Section S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)). For Au-PEG NPs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), we find that the anisotropy δ of ∼0.05, obtained from *R*~VH~(*q* \> 0), is commensurate with a cylindrical geometry, in which the two main axes contribute with a β/α ratio of ∼0.86. Geometrically, this ratio of polarizabilities matches the inertia tensor of an arrangement of two AuNPs decorated on the vesicle at a 90° angle of one another. The proposed arrangement suggests that the driving force behind the decoration of two AuNPs is purely entropic ([Section S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)), suggesting that the two AuNPs are randomly and evenly placed on a sphere. Further, this independent placement on the NPs ignores possible contribution from the elastic energy of interaction.

The third vesicle/AuNP assembly architecture was realized upon mixing the vesicle suspension with the solution of the negatively charged Au-citrate NPs. According to [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, *R*~VV~(*q*) for the vesicle/Au-citrate mixture (red symbols) is higher than the summed contributions of the two mixture constituents (blue and orange symbols), but the *q* dependence is weaker than for the vesicle/Au-PEG system ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). This finding indicates that the formed structure is smaller in the vesicle/Au-citrate mixture as also reflected in the faster translation and rotation rates (vertical lines) of the relaxation functions in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,f compared to the free vesicles. Note that this trend is better seen in the rotation rate ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f) due to its *R*~r~([@ref3]) dependence. The absence of fast rotation times, reminiscent of free AuNPs, corroborates the notion that the Au-citrate NPs cannot rotate freely ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) in the interior of the vesicles. To reveal the new structure, modeling of the NP uptake scenario, schematically shown in the insets of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,f and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, was performed. The uptake mechanism assumes a consumption of the vesicle block copolymer by the endocytosed NPs represented by a shell with a thickness of 20 nm and scattering length ρ~ves~. The loss of polymer in the vesicle was considered by decreasing the vesicle radius by 10 nm, but the modeling results are largely insensitive to the exact size decrease. The NPs with the bilayer coat were placed in the interior of the vesicle as indicated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d. The experimental *R*~VV~(*q*) is well represented by the computed form factor (black solid line in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) of this structure with an unweighted average between one and two NPs ([Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)).

The spherical shape and smaller size of the encapsulating vesicles are also inferred from their radii *R*~h~ = 123 ± 3 nm and *R*~r~ = 128 ± 4 nm computed from the rates Γ~VV~(*q*) and Γ~VH~(*q*) of the relaxation functions of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,f. For comparison, the values of *R*~h~ and *R*~r~ in the three systems are listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The vesicle/Au-citrate assembly is about 12 nm smaller than the original vesicles due to the endocytotic uptake membrane consumption upon particle invagination. The amount of consumed membrane material corresponds to about three wrapped AuNPs in agreement with the molar mass ratio of vesicles to AuNP and the modeling of *R*~VV~(*q*). The uptake of negatively charged (citrate-stabilized) AuNPs into the polymersomes is accompanied by immobilization of the endosomes as illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d.

###### Characteristic Dimensions and Experimental Wavelength Change of the Surface Plasmon Resonance Absorption Peak for the Mixtures of Vesicles and Au Nanospheres with Different Surface Graftings
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Additional Evidence of the Interaction Patterns {#sec3.3}
-----------------------------------------------

Discrimination between the different scenarios in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} is based solely on the analysis of the DLS experiment utilizing the advantage of the concurrent detection of vesicles and AuNPs due to their optical anisotropy and the LSPR-enhanced light scattering. However, descriptive images can be obtained by real-space cryo-TEM, recognizing possible structural alterations inherent to the application of this technique. Moreover, UV--vis extinction spectra utilize LSPR as the sensitive probe of subtle changes in the chemical environment at the surface of AuNPs.

To complement the DLS results, cryo-TEM images of the three vesicle/AuNP mixtures were recorded. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a-I shows that there is no interaction between vesicles and Au-CTAB NPs and that both species coexist. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a-II,III shows decorated vesicles with Au-PEG~107~ NPs, but the particles are not engulfed by the membrane. Instead, these particles seem to slightly cave into the membrane. It should be noted that 4a-II,III look similar, but in 4aII, there is no outer membrane surrounding the particles on the right. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a-IV shows the uptake of Au-citrate NPs into the vesicles, clearly displaying the membrane around the particles. Some of those endosomes seem to be attached to the membrane, while others seem to diffuse freely within the vesicle. However, as it was shown by DLS, only one species is detected in depolarized PCS, and therefore the presence of free AuNP-endosomes is not supported. Since cryo-TEM shows the transmission and hence a two-dimensional picture only, the apparent free gold endosomes must be anyhow attached to the sides of the membrane. Hence, the apparently free AuNP endosome in last image of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a can be illusive. In a similar context, the apparent size difference by a factor of two in the imaged vesicles in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a should not be taken as a representative distribution for the whole sample. Cryo-TEM is not a suitable method for determining the absolute size of vesicular structures due to dissimilar compression of the different vesicles between the water interfaces. TEM is a contact and invasive technique in contrast to DLS and in addition not ensemble representative. Hence, TEM cannot unambiguously reveal the different vesicle/NP constructs but support the vesicle/NP interaction patterns inferred by DLS.

![Examination of NP/polymersome interaction patterns. (a) Cryo-TEM images for the three polymersome/AuNP mixtures: (I) Au-CTAB, (II + III) Au-PEG, and (IV) Au-citrate. The three different polymersome/AuNP interactions are indicated by the schemes in the insets. The last scheme can, in principle, have two realizations ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d), where the incorporated NP can be attached to or detached from the membrane. The image in the lower right additionally shows a so-called "pregnant" vesicle, which can occur during the film hydration procedure. The scale bar corresponds to 100 nm. (b) Computed UV--vis spectra around the resonance wavelength by the Green's tensor method for a single AuNP, assuming the scenarios in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}: naked AuNP in water ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) as shown by the black solid line, only one-third of the particle is covered by the vesicle ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) as shown by the black dotted line, one-half of the particle is covered as shown by the black dashed line, and the particle is fully coated with a bilayer ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d) as shown by the red solid line. To match the 8 nm wavelength shift found in the experiment, the refractive index of the vesicle was set to 1.45. (c) Schematic illustration of the four scenarios (I--IV).](jp9b10469_0003){#fig4}

The experimental extinction spectra ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)) are compared with calculations using the Green's tensor method for a single AuNP in water, partially covered with a material of refractive index of 1.45, modeling the vesicle bilayer ([Section S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)). To describe the four different scenarios pictured on [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, four cases have been considered in the calculations of the UV--vis spectra in the spectral region around the resonance wavelengths shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. These scenarios, AuNP in water (no vesicle, scenario (I)), AuNP half-covered or covered up to one-third of its diameter (corresponding to AuNP touching the external side of the vesicle, scenario (II, III), or AuNP fully wrapped in a shell of bilayer (IV)), are illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. To approximate the resonance wavelengths corresponding to scenario (II, III), the plasmon wavelengths for naked and fully covered AuNPs ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) were compared to those extracted from exact Mie simulations of fully covered AuNP, with a shell of 0, 8, and 16 nm of the material with a refractive index of 1.45 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)). Then, the resonance wavelengths for the one-third- and half-covered AuNPs were extracted from a linear regression of those values. For the refractive index used to model the vesicle, the wavelength shift is about 8 nm (7.5 nm) between naked and fully covered AuNP, while a half- or one-third-covered particle results in a redshift of about 3 nm (see [Table S](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)). The calculations capture the experimentally observed redshift of the LSPR peaks (black and red vertical dashed lines in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b), and accordingly, the up-taken Au-citrate NPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,f) should be fully wrapped by the membrane, causing the largest (∼8 nm) redshift ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). In contrast, the Au-PEG NPs should be at most half-covered, displaying a lower (∼4 nm) redshift. Hence, a consistent picture of the different interactions has emerged by optimally combining three different experimental techniques and theoretical modeling, and the realization of the proposed patterns is confirmed.

Discussion {#sec4}
==========

The observed vesicle and AuNP complex depends on the attraction potential, which in turn is determined by the coating of the AuNPs as indicated by their potential in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. For the strongly negatively charged Au-citrate NPs, encapsulation was observed given the positively charged vesicles ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}--[4](#fig4){ref-type="fig"}). For the barely negative Au-PEG~107~ NPs, the vesicles were decorated with NPs, whereas for the Au-CTAB NPs, the strongly repulsive interactions precluded contacts with the vesicles. Hence, three out of the four possible scenarios depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} have been realized. We rationalize the three types of interactions by balancing vesicle bending and electrostatic/van der Waals Au NP and vesicle adhesion. The minimal adhesion energy required for wrapping is 8πκ/(4π*R*^2^),^[@ref15],[@ref68],[@ref69]^ where the bending rigidity κ = 1.75 × 10^--18^ J and the radius of the polymer membrane coating the AuNP (radius, 22 nm) is *R* = 30 nm; the value of κ is by a factor of four lower than reported^[@ref67]^ due to the assumption of a bilayer. Hence, the minimal adhesion energy approximately amounts to about 1 *k*~B~*T* nm^--2^. An estimation of the adhesion energy between oppositely charged surfaces is not that straightforward as it depends very strongly on detailed assumptions at a very local range. Envisioning this energy as the difference for two planar surfaces in contact and at large separation, the entropic gain of the free ions alone is too low. Instead, considering the NP uptake like neutralization between an acid and a base, the production of water can release much energy. This occurs when two electric double layers compensated by H~3~O^+^ and OH^--^ are brought together.

To rationalize the events ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [4](#fig4){ref-type="fig"}), we utilize the Derjaguin, Landau, Verwey, and Overbeek (DLVO) potential energy for two spheres, one being the vesicle (*R*~1~ = 135 nm; surface potential, *y*~1~ = +28 mV). The other sphere is one of the Au-CTAB (*R*~2~ = 23 nm; *y*~2~ = +54 mV), Au-PEG (*R*~2~ = 37 nm; *y*~2~ = −2 mV), and Au-citrate (*R*~2~ = 24 nm; *y*~2~ = −29 mV) particles. For the electrostatic double-layer repulsion, we used the value of the Debye length *l*~D~ (300 nm) in distilled water for the van der Waals attraction for solid spheres and the Hamaker constant, *A*~H~ = 6 × 10^--21^ J. For two spheres with surface potentials *y*~1~ and *y*~2~ and radii *R*~1~ and *R*~2~, the free energy can be calculated as a function of the distance between the surfaces of the two spheres ([Section S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)). The interaction of Au-CTAB with the polymersome is dominated by electrostatic repulsion between the positively charged side groups, trimethylammonium and oxazoline, respectively ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10469/suppl_file/jp9b10469_si_001.pdf)). The interaction is repulsive and much larger than *k*~B~*T* so that coalescence of the particles is prohibited. On the contrary, the interaction between Au-citrate and polymersome is strongly attractive, enabling the observed NP uptake. For the Au-PEG particles, there is a weak attraction to the vesicles allowing for their sticking on the surface of the latter. At low distance, the few 10 *k*~B~*T* is an indication for a relatively stable adhesion. However, due to the huge difficulties of disentangling local effects (such as hydration or salt bridges), we refrain from attempting a quantitative prediction of its magnitude. At any rate, our experimental data show that the citrate AuNPs with a zeta potential equal to approximately −*k*~B~*T*/*e* get wrapped by polymersomes with a zeta potential of approximately +*k*~B~*T*/*e*, with no other changes in the system, which indicates that electrostatics is the driving force.

The experiment also shows that the driving strength for wrapping is limited because we do not see polymersomes filled with many AuNPs. The likely reason for this is that the process of wrapping puts the membrane of an initially tensionless polymersome under increasing tension because the area is reduced, by approximately 4π(30 nm)^2^ ≈ 11,000 nm^2^ per AuNP, with no concomitant reduction in volume. There also exists a slightly weaker secondary effect, namely, that the inner leaflet of a fully wrapped AuNP has a smaller area than the outer leaflet, which creates a differential strain in the remaining vesicle membrane. If the thickness of a single leaflet is 8 nm, and the wrapping radius is 30 nm; then, this area difference is 4π\[(34 nm)^2^ -- (26 nm)^2^\] ≈ 6000 nm^2^ per AuNP, about half as big as the overall removed area. This induces differential stresses in the polymersome, which create a spontaneous curvature that opposes further inward budding. Unlike the adhesion/bending balance, which plays out in the same way for every new AuNP, these tensile stresses accumulate with each ingested particle and make it increasingly harder for new ones to enter.

Conclusions {#sec5}
===========

From the four possible interaction scenarios between the positively charged vesicles and NPs in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, three have been realized. While coalescence of the positively charged Au-CTAB^+^ was prohibited, decoration with the barely negative Au-PEG and encapsulation of Au-citrate^--^ being attached to the inner side of the vesicle were experimentally revealed by surface resonance-enhanced dynamic light scattering, surface plasmon resonance, and electron microscopy. We considered vesicle bending and electrostatic/van der Waals Au NP and vesicle adhesion to rationalize the three types of interaction. While the energy required for wrapping of a AuNP can be approximated by a reasonable value of bending rigidity, the adhesion energy between oppositely charged surfaces was estimated considering the DLVO potential energy for two homogeneous spheres, one being the vesicle and the other one of the three Au NPs. Based on these simulations, the adhesion energy that balances vesicle bending is dominated by electrostatic interactions. In spite of the strong adhesion, Au-citrate polymersomes are filled only with few AuNPs. A likely explanation is that the NP wrapping induces tension in the initially tensionless polymersome because the area is reduced per wrapped AuNP. With each ingested particle the accumulated stresses render additional NP uptake increasingly harder. Elucidation of the physical conditions for passive nanoparticle translocation across membranes can be relevant in the rational design of drugs in the absence of specificity in cellular uptake process.
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